Background and Aims The activity of H þ -ATPase is essential for energizing the plasma membrane. It provides the driving force for potassium retention and uptake through voltage-gated channels and for Na þ exclusion via Na þ /H þ exchangers. Both of these traits are central to plant salinity tolerance; however, whether the increased activity of H þ -ATPase is a constitutive trait in halophyte species and whether this activity is upregulated at either the transcriptional or post-translation level remain disputed.
INTRODUCTION
Soil salinity is one of the major environmental stresses affecting crop growth worldwide. It is estimated that an area of $ 950 million hectares of arable land globally, including 250 million hectares of irrigated land, is affected by salinity (Ruan et al., 2010) . The expected demand for food (Schmidhuber and Tubiello, 2007) , good quality water (Hanjra and Qureshi, 2010) and biofuels (Valentine et al., 2012) for human use in an era of climate change puts enormous strain on current food production. To manage these challenges, domestication and cultivation of halophyte crops (e.g. Chenopodium quinoa), as well as improvements in salinity tolerance in existing glycophyte crops, could expand food production into salt-affected marginal lands and at the same time allow the use of brackish and saline waters for irrigation (Shabala, 2013) . Although the cultivation of halophytes in saline lands is relatively straightforward, the range of species is rather limited (Flowers et al., 2010) . Improving the salt tolerance of existing crop species is not progressing because the genetic variability within existing crop species, including land races, is limited (Colmer et al., 2005) . Hence, new salt-tolerance traits or genes must be identified in halophytes and introduced into existing crop species of high agronomic value. Comparing the performance of glycophytes with that of halophytes is the necessary first step towards achieving this goal.
The growth of plants in saline environments depends on their ability to cope with the major constraints (osmotic, ionic and oxidative stresses) imposed by salinity. While the growth of glycophytes is severely hampered at salt concentrations exceeding 100 mM NaCl (or even lower), such concentrations are considered optimal for halophyte growth (reviewed in Greenway and Munns, 1980; Munns and Tester, 2008) . Many halophytes use Na þ ions as a cheap osmoticum for osmotic adjustment (e.g. Hariadi et al., 2011) , are able to adopt efficient Na þ excretion (e.g. salt glands) and compartmentalization (both internally into vacuoles and externally into salt bladders) mechanisms (reviewed in Shabala, 2013) and have superior reactive oxygen species (ROS) homeostasis (reviewed in Ozgur et al., 2013; Bose et al., 2014a) during salt stress. Several independent studies have established that most, if not all, of the salt tolerance mechanisms employed by halophytes are similar to those employed by glycophytes (Sengupta and Majumder, 2010; Bartels and Dinakar, 2013) . Nonetheless, although the salt tolerance mechanisms are similar, halophytes may either constitutively turn on salt tolerance mechanisms or exhibit subtle changes in their transcriptional and post-transcriptional regulation, which creates large variation in the salt tolerance levels between glycophytes and halophytes (Oh et al., 2010; Kosova et al., 2013) . However, the specific details of this process remain obscure and await elucidation.
In contrast to glycophytes, many halophytes are classified as Na þ includers; they store large amounts of Na þ in either leaf vacuoles or epidermal bladders, when the latter are present (Osmond et al., 1969; Flowers and Colmer, 2008) . Nonetheless, excluding salt by preventing Na þ entry has also been noted in some halophytes (e.g. Thellungiella halophila) (Wang et al., 2006) . To restrict Na þ entry or to transport Na þ into specific locations in the shoot, Na þ uptake and xylem loading in roots must be strictly regulated. However, the information pertinent to Na þ entry and transport in roots of halophytes is ambiguous (Flowers and Colmer, 2008) . This is because all the methods employed so far have either very poor resolution (Na þ depletion, whole-plant Na þ content analysis) or are able to quantify only the unidirectional transport of Na þ ( 22 Na þ uptake studies) into root tissue (Cuin et al., 2011) . However, most researchers agree that salinity stress tolerance is not conferred by the difference in unidirectional Na þ uptake (Davenport et al., 1997 (Davenport et al., , 2005 , but rather by the magnitude of the net Na þ flux, determined predominantly by genotypic difference in the plant's ability to actively pump Na þ back into the rhizosphere (Cuin et al., 2011) and/or sequester it in vacuoles (Apse and Blumwald, 2007) . This problem can be addressed when Na þselective microelectrodes are used. Until recently, this approach was hampered by the lack of suitable Na þ liquid ion exchangers with good ability to differentiate between Na þ and K þ (for details see Chen et al., 2005) . Introduction of the calixarene-based microelectrode with improved Na þ selectivity (Jayakannan et al., 2011) unlocks good prospects for dissecting Na þ entry and efflux pathways and understanding of their regulation in the roots of halophytes.
It is generally accepted that salinity stress induces H þ -pumping capacity in plant tissues, primarily to energize Na þ /H þ exchanger activity, and that this capacity is stronger in halophyte species (Niu et al., 1993; Ayala et al., 1996; Wu and Seliskar, 1998; Vera-Estrella et al., 2005; Shabala and Mackay, 2011) . However, most reports have focused on the leaf rather than on root tissues and have usually been targeted to the tonoplast rather than the plasma membrane pumps. Furthermore, the reports are often controversial. While salt treatment increased plasma membrane H þ -ATPase transport activity in T. halophila leaves (Vera-Estrella et al., 2005) , in Aster tripolium a pronounced decline in plasma membrane P-ATPase activity was reported after 1 d of salinity exposure (Ramani et al., 2006) . In Salicornia bigelovii, the highest plasma membrane H þ -ATPase activity was observed in plants grown at optimal (200 mM NaCl) salt concentration (Ayala et al., 1996) , while in another halophyte, Plantago maritima, this treatment caused a decrease in plasma membrane H þ -ATPase activity in leaves (Bruggemann and Janiesch, 1989) . In glycophytes, salinity tolerance in barley was related to higher root H þ -ATPase activity (Chen et al., 2007a) , but barley plants were not capable of maintaining their membrane potential and preventing NaCl-induced membrane depolarization, while salt-sensitive pea plants did have this ability (Bose et al., 2014b) . Thus, the link between salinity tolerance and H þ pumping is not that straightforward and requires thorough investigation.
Maintaining K þ homeostasis is central to the survival of both glycophytes and halophytes in saline environments (Volkov et al., 2004; Volkov and Amtmann, 2006) ; salt stress can induce cell death by depleting the cytosolic K þ concentration beyond its threshold level (Anschütz et al., 2014; Shabala and Pottosin, 2014) . However, the concept of the 'lower the K þ efflux the higher the tolerance' is often not applicable when comparing different species. Wheat is known to be much more salt-sensitive than barley, yet a screen of nearly 50 wheat genotypes showed that even the most sensitive wheat varieties had much better ability to prevent NaCl-induced K þ efflux compared with barley cultivars (for a comparison see Chen et al., 2007b; Cuin et al., 2009 ) in short-term experiments. The main modes of salt-induced K þ loss in root tissue are through depolarization-activated K þ outward-rectifying (KOR) channels and ROS-activated non-selective cation channels (NSCCs) (Shabala and Cuin, 2008) . So, do halophytes have better control over salt-induced K þ loss? If so, which of the above pathways plays the most crucial role?
The main aim of this work was to address these knowledge gaps by comparing the kinetics of ion fluxes and membrane potential maintenance during salt stress between two halophyte species, Atriplex lentiformis and Chenopodium quinoa, and comparing the response to measurements from a glycophyte species, Arabidopsis thaliana. The results of P-ATPase relative gene expression (AHA-like transcript abundance), viability staining, ion flux, membrane potential and pharmacological experiments revealed that the roots of halophytes are able to activate plasma membrane H þ -ATPase within minutes of sensing Na þ entry, but without increasing the transcriptional abundance of AHA1/2/3. This enhanced H þ -ATPase activity fuels Na þ efflux and prevents K þ efflux through the depolarization-activated KOR channels. By contrast, salt-induced stimulation of the H þ -ATPase activity, activation of Na þ efflux and prevention of K þ loss were absent in the roots of arabidopsis, even though the expression levels of AHA1/2/3 were high in this species.
MATERIALS AND METHODS

Plant materials and growth conditions
Arabidopsis thaliana (Col-0) seeds were surface-sterilized with commercial bleach for 10 min, washed three times with sterile water and then sown in 90-mm Petri dishes containing solid basal salt medium (BSM: 0Á2 mM KCl þ 0Á1 mM CaCl 2 , pH 5Á5, unbuffered) with 0Á8 % (w/v) agar. Petri dishes containing the seeds were kept at 4 C for 2 d to break dormancy. Quinoa (Chenopodium quinoa cv KVL52) seeds were surface-sterilized as above, sown on paper rolls wetted with BSM solution and kept in the dark for a day to initiate germination. Saltbush (Atriplex lentiformis) seeds were soaked in deionized water overnight, then sown on paper rolls wetted with BSM solution. Seeds were then kept in the dark for 9 d until germinated. Once germination was initiated, the seeds of all species were transferred to a growth chamber with a 14/10-h day/night regime at 150 mmol m À2 s À1 irradiation and grown at 24 6 1 C. Plants 5 d old were used in experiments.
For experiments on mature plants, arabidopsis plants were grown on solid agar medium containing full-strength Murashige-Skoog (MS) solution for 20 d prior to measurements. For the same purpose, quinoa plants were grown on paper rolls wetted with the full-strength MS solution media under the conditions described above.
Viability staining
Control and salt-treated roots of 5-d-old seedlings were double-stained with fluorescein diacetate (FDA)-propidium iodide (PI) and observed under a fluorescence microscope prior to and after 1 and 4 h of treatment with 100 mM NaCl, essentially as described by Bose et al. (2014b) .
Net ion flux measurements
Net fluxes of H þ , K þ and Na þ were measured non-invasively using the Microelectrode Ion Flux Estimation technique (MIFE TM ; University of Tasmania, Hobart, Australia). The basic principles of MIFE TM measurement are described elsewhere (Newman, 2001) and the specific details pertinent to microelectrode fabrication, calibration and measurements are available in our previous publications (e.g. Shabala et al., 2006) . The Na þ fluxes were measured using calixarene-based microelectrodes as described by Jayakannan et al. (2011 Jayakannan et al. ( , 2013 . Ion-selective microelectrodes with a Nernst slope response of <50 mV per decade were discarded. Experiments were conducted at room temperature (24 6 1 C) under ambient light.
Unless specified, all flux measurements were carried out in the elongation zone (between $ 200 and $ 600 mm from the root cap) and mature root zone ( $ 5 mm from the root apex) (Supplementary Data Fig. S1 ). Roots of a 5-d-old intact seedlings were immobilized in the measuring chamber and preconditioned in BSM for 30 min as described elsewhere . After pre-conditioning, steady-state ion fluxes were recorded over a period of 5 min. Then, an NaCl-containing double stock solution was applied and mixed to reach the required final NaCl concentration of 100 mM. The resulting transient H þ , K þ and Na þ fluxes were measured for up to 25 min. For pharmacology experiments, quinoa seedlings were pre-treated with 1 mM vanadate (a P-type H þ -ATPase inhibitor) for 1 h before 100 mM NaCl treatment. Fluxes of between four and 12 individual seedlings were averaged for every plant species, root zone and treatment combination.
In experiments with longer-term salinity exposure, 5-d-old arabidopsis and quinoa seedlings were exposed to salt stress on the BSM background. At the 24-and 72-h time points, salt-induced steady-state H þ and Na þ fluxes were measured for 5 min in the elongation and mature root zones. Fluxes from eight to 12 seedlings for each species were measured and averaged.
To capture the variability in Na þ fluxes along the longitudinal root axis, salt-induced transient Na þ fluxes were also measured in the basal mature root zone ( $15 mm from the base of the stem) of 5-d-old quinoa seedlings (Supplementary Data Fig. S2 ).
To eliminate a possible contribution of growth method on ion flux response patterns, quinoa seedlings were grown using both the paper roll and the agar medium method (as above), and fluxes from the elongation zone were then measured and compared ( Supplementary Data Fig. S3 ). No difference in ion flux response kinetics, either qualitative or quantitative, was observed, suggesting that either method can be used and compared with the other.
Membrane potential measurements
Conventional KCl-filled Ag/AgCl microelectrodes were used for membrane potential measurements in the elongation and mature root zones (Bose et al., , 2014b . The roots of an intact 5-d-old seedling were immobilized and pre-conditioned as described above. Resting membrane potential measurements were recorded for 1 min before adding 100 mM NaCl to the BSM solution. The resulting change in transient membrane potential was continuously monitored for up to 30 min. Membrane potential values of seven or eight individual seedlings were averaged for each plant species, root zone and treatment combination.
Real-time RT-PCR analysis for AHA1/2/3 expression Uniform 5-d-old arabidopsis and quinoa seedlings were exposed to 100 mM NaCl stress. At the indicated time points, 100 mg of roots on a fresh weight basis were harvested and used immediately for RT-PCR analysis. Total RNA from roots was isolated by grinding in liquid nitrogen until a fine powder appeared and using Trizol reagent (Invitrogen) according to the manufacturer's instructions. Total RNA (2 mg) was reversetranscribed using oligo(dT) primer and avian myeloblastosis virus reverse transcriptase XL (TaKaRa, Dalian, China). Realtime quantitative RT-PCR reactions were performed using a Mastercycler V R realplex real-time PCR system (Eppendorf, Hamburg, Germany) with SYBR V R Premix Ex Taq TM (TaKaRa Bio, China) according to the manufacturer's instructions. The experiment was repeated on three separate occasions (i.e. on three batches of plants grown at different times), with three biological replicates each time, always with consistent results. Since the exact primers and accession codes for quinoa were not available, the conserved sequence of the AHA genes of arabidopsis was used (Supplementary Data Table S1 ). The expression levels of the genes are presented as values relative to the corresponding control samples under the indicated conditions, with normalization of data to the geometric average of the internal control gene Actin2/7, previously verified as a housekeeping gene for both Chenopodium (Cooper, 2001) and Atriplex (Sadder and Al-Doss, 2014) species.
Statistical analysis
Data are presented as mean 6 SE. The standard least significant difference test at P 0Á05 level was used to determine statistical significances of differences between mean values.
RESULTS
Salt stress affects the viability of arabidopsis but not quinoa or saltbush roots
Numerous reports have demonstrated that 100 mM NaCl reduces the shoot growth of arabidopsis by up to 70 % of that of control plants (e.g. Jayakannan et al., 2013) . In contrast, shoot growth of saltbush and quinoa is enhanced by 100 mM NaCl treatment compared with no salt treatment (e.g. Redondo-Gomez et al., 2007; Hariadi et al., 2011) . Although the effect of salt stress on shoot growth of these plant species is well established in the literature, information about the roots is lacking. To address this knowledge gap, the effect of 100 mM NaCl treatment on the viability of roots was assessed using the FDA-PI double staining method. The results showed that the elongation zone of arabidopsis started losing viability within an hour of salt stress and most of the cells in this zone were severely damaged after 4 h of salt exposure (as indicated by the red colour in Fig. 1 ). At the same time, roots of quinoa and saltbush were unaffected at either time point (indicated by the green colour in Fig. 1 ).
Halophyte species have higher Na 1 exclusion ability
Adding 100 mM NaCl to the bath solution caused an immediate transient increase in Na þ influx into both root zones of all species studied (Fig. 2 ). This Na þ influx was higher (2-to 3fold in the elongation zone and 2-to 5-fold in the mature zone) in quinoa and saltbush than in arabidopsis. After the initial Na þ uptake, both halophytes showed the ability to export significant amounts of Na þ from the root tissue (net Na þ efflux from 15 min onwards; Fig. 2) , with a higher net Na þ efflux measured from the elongation zone. The net Na þ efflux was not observed in root cells located close to the root base (Supplementary Data Fig. S2 ), suggesting tissue-specific expression of appropriate transporters. This is consistent with the general consensus that salt overly sensitive (SOS1) Na þ /H þ exchangers are located predominantly in the root apex (Shi et al., 2000) . Net Na þ efflux from the root apex also showed pronounced time-dependence; it was not detected after 24 h of salinity exposure (Fig. 2C, D) . Net Na þ flux in arabidopsis was not statistically different from zero in the elongation zone in short-term experiments ( Fig. 2A) and was directed inwards in the mature root zone (Fig. 2B ). Long-term exposure resulted in a substantial shift towards massive net Na þ uptake in both zones (Fig. 2C, D) . Regardless of the root zone or the length of exposure, net Na þ uptake in arabidopsis exceeded that in quinoa several-fold (Fig. 2C, D) .
Salt-induced plasma membrane depolarization is higher in arabidopsis than in halophytes
The resting membrane potential of epidermal cells in the elongation and mature root zones under control conditions was more negative in halophytes (À134 6 4 mV in the elongation zone, À141 6 2 mV in the mature zone) than in arabidopsis (À112 6 1 mV in the elongation zone, À127 6 2 mV in the mature zone) ( Fig. 3) . As in our previous observations Jayakannan et al., 2013) , 100 mM NaCl treatment significantly (P < 0Á01) depolarized the plasma membrane within a minute in all three species examined, albeit by different magnitudes (Fig. 3) . The initial salt-induced depolarization (after 1-8 min) was significantly higher in the roots of arabidopsis compared with the roots of both halophyte species, with the peak depolarization values changing in the sequence arabidopsis > saltbush > quinoa. After 8 min, there was little difference between different species in the root elongation zone, whereas in the mature zone quinoa roots maintained a more negative potential than the roots of saltbush and arabidopsis throughout the measuring period (Fig. 3 ).
Halophytes lose less K 1 during salt stress than does arabidopsis
All three species showed a small net K þ efflux in both the elongation and mature root zones prior to salt exposure (Fig. 4) , with no significant (P < 0Á05) difference between species. Consistent with our previous publications , ing method was used to image the viability of root cells. One (of six) typical images is shown for each treatment/species. 2014b), acute salt stress induced K þ efflux from both root zones of the species examined, but with very different magnitudes (Fig. 4) . In the elongation zone, the total amount of K þ lost by arabidopsis roots was 2-fold higher than that lost by quinoa and saltbush roots (100 6 5 versus 566 4 and 48 6 3 mmol m À2 , respectively, over the 20 min of stress exposure). In the mature zone, peak K þ efflux declined in the sequence arabidopsis > saltbush>quinoa with a 13:4:1 ratio (Fig.  4B) , strongly resembling the membrane depolarization sequence (Fig. 3B) .
In many species, most of the salt-induced K þ efflux is mediated by depolarization-activated K þ channels (Jayakannan et al., 2013) . Accordingly, a linear correlation was plotted (Fig. 5 ) between the peak K þ efflux values (data from Fig. 4 ) and the respective membrane potential values (data from Fig. 3 ) measured from each individual plant in the root elongation zone. This showed that greater salt-induced depolarization is indeed responsible for the higher K þ loss from arabidopsis compared with halophyte roots (Fig. 5) . 
NaCl induces massive vanadate-sensitive H 1 efflux from halophyte but not from arabidopsis roots
Under control conditions, net H þ fluxes from plants were close to zero in saltbush and arabidopsis, while in quinoa a small but significant (P < 0Á05) net H þ efflux was measured in both root zones (Fig. 6A, B ). Application of 100 mM NaCl induced massive H þ efflux from halophyte roots, but not from arabidopsis ( Fig. 6A, B) . In all species, salt-induced H þ efflux was higher in the elongation zone than in the mature zone (Fig. 6A, B) . Overall, NaCl-induced H þ efflux decreased in the following sequence: quinoa > saltbush > arabidopsis (Fig. 6A, B) . The observed NaCl-induced stimulation of H þ pumping in halophytes was long-lasting, occurring for several days after salinity exposure (illustrated for quinoa in Fig. 6C, D) . The growing condition (paper roll or agar medium) did not alter salt-induced H þ efflux ( Supplementary Data Fig. S3 ). This ability of halophyte species to respond to salinity by increasing the rate of H þ pumping was independent of plant age and was also observed in roots of mature plants (Fig. 7A) . In full agreement with our data for young seedlings (Fig. 4) , mature quinoa roots were also able to retain much more K þ compared with arabidopsis ( Fig. 7B) .
To determine whether the salt-induced H þ efflux originated from plasma membrane H þ -ATPase activity, quinoa roots were pre-treated with 1 mM sodium orthovanadate (a known inhibitor of the P-type plasma membrane H þ -ATPase) for 1 h before applying salt stress. The results showed that vanadate was able to decrease salt-induced H þ efflux by 75-80 % (Fig. 8A) . Interestingly, vanadate pre-treatment also increased salt-induced K þ efflux by 2-to 3-fold ( Fig. 8B) , supporting the notion that the observed NaCl-induced K þ leak from quinoa roots was mediated predominantly by voltage-gated channels controlled by the plasma membrane H þ -ATPase. Higher NaCl-induced H 1 -ATPase activity in halophytes is not related to constitutively higher AHA expression
Analysis of the relative expression of AHA1/2/3 transcript levels for various H þ -ATPase isoforms revealed that expression levels of AHA1 and AHA2 were constitutively higher in the roots of arabidopsis compared with the roots of quinoa, while AHA3 expression levels were similar in the two species (Fig. 9 ). Salinity stress (100 mM NaCl) did not alter AHA1/2/3 expression in quinoa, but resulted in a 3-to 5-fold increase in AHA1/2/3 expression levels in arabidopsis within an hour of salt treatment. After 24 h of salt stress, AHA1 and AHA2 transcript levels had returned to their original values in arabidopsis while AHA3 transcript levels remained elevated (Fig. 9 ).
DISCUSSION
Halophytes activate H 1 -ATPase to fuel Na 1 efflux through the Na 1 /H 1 exchanger during acute salt stress Sodium entry is a thermodynamically passive process, controlled predominantly by the electric potential difference across the plasma membrane (Blumwald et al., 2000) . Given that the roots of halophytes (À134 6 4 mV in the elongation zone and À141 6 2 mV in the mature zone) have a more negative membrane potential than arabidopsis (À112 6 1 mV in the elongation zone and À127 6 2 mV in the mature zone) (Fig. 3) , the driving force for Na þ uptake is greater in the roots of halophytes than in arabidopsis roots. Consequently, the initial Na þ influx in the roots of halophytes was 2-to 3-fold higher than in arabidopsis ( Fig. 2A, B) . This enhanced initial Na þ uptake could aid the roots of halophytes in sensing Na þ entry via the resulting elevation in cytosolic Ca 2þ , cGMP and hydrogen peroxide production Maathuis, 2014) . This could enable their superior ability compared with the glycophyte counterpart to activate H þ efflux by means of H þ -ATPases, so energizing Na þ efflux through SOS1 exchangers (Hassidim et al., 1990; Maughan et al., 2009) . Indeed, roots of both halophyte species activated vanadate-sensitive H þ efflux (Figs 6 and 8A) upon sensing Na þ entry, so fuelling Na þ efflux within 10 min of salt addition (Fig. 2) . Salt-induced plasma membrane H 1 -ATPase activity is responsible for the prevention of K 1 loss from the roots of saltbush and quinoa during salt stress
The entry of Na þ ions into the root cell, through either NSCCs or high-affinity K þ transporters, depolarizes the plasma membrane (Fig. 3) , which makes K þ uptake through K þ inward rectifying channels thermodynamically impossible (Shabala and Cuin, 2008) . Furthermore, salt-induced plasma membrane depolarization activates K þ efflux (Fig. 4) through depolarization-activated KOR channels (Jayakannan et al., 2013) . In addition, K þ may also leak through NSCCs as a result of the accumulation of ROS during salt stress (Bose et al., 2014b) . These processes deplete the K þ pool available for numerous metabolic functions, resulting in the shutdown of metabolic functions and eventual cell death (Anschütz et al., 2014) . Even if the reported K þ fluxes are transient, the amount of K þ lost may be large enough to disturb cell metabolism. To make our point, we did some model calculations based on the measured fluxes reported in this work and root cell geometry in arabidopsis. Assuming the cell is a cylinder 50 mm long with a diameter of 14 mm, the cell volume is 385 Â 10 À18 m 3 . Assuming cytosol constitutes 5 % of the cell's volume and the cytosolic K þ concentration is 100 mM, each cell contains $ 38Á5 pmol K þ in its cytosol. From Fig. 4A , the average K þ flux in the elongation zone during the first 25 min is $ 2100 nmol m À2 s À1 . The cell surface area is 2Á5 Â 10 À9 m 2 . Thus, the total amount of K þ leaked over 25 min will be $7Á9 pmol. This is >20 % of the total cytosolic K þ content. We believe this amount is large enough to disturb cell metabolism. Thus, in order to live and complete their life cycle in a saline environment, halophytes must possess mechanisms that efficiently control K þ loss through KOR channels and NSCCs during salt stress. Since halophytes exercise efficient mechanisms to prevent ROS production during salt stress (Bose et al., 2014a) , the K þ loss via ROS-activated NSCCs will be negligible, if it occurs at all. Nonetheless, to the best of our knowledge there are no reports of how halophytes control K þ loss through depolarization-activated KOR channels. Here we report that the roots of saltbush and quinoa are proficient in preventing K þ loss through such KOR channels. Two lines of evidence support this claim. First, salt-induced plasma membrane depolarization (Fig. 3) and the corresponding K þ efflux (Fig. 4 ) are positively correlated (R 2 ! 0Á81; Fig. 5 ) in all three species. The magnitudes of this salt-induced depolarization and K þ efflux are much lower in the roots of saltbush and quinoa compared with arabidopsis. The ability of the salt-tolerant T. halophila to maintain membrane potential at more negative values than arabidopsis supports this notion . Secondly, the pivotal contribution of H þ -ATPases in regulating the plasma membrane potential during salt stress is well established in diverse plant species (Palmgren, 2001; Chen et al., 2007a; Jayakannan et al., 2013) . Pre-treating the roots of quinoa with 1 mM vanadate, a known inhibitor of the P-type H þ -ATPase, significantly decreased the extent of the salt-induced H þ extrusion and potential salt-induced K þ efflux (Fig. 7) , implying that the roots of halophytes rely heavily on H þ -ATPases for the regulation of the plasma membrane potential during salt stress.
Regulation of H 1 -ATPase activity but not higher expression of AHA1/2/3 -like transcripts by quinoa and saltbush contributes to salt tolerance
Many studies comparing glycophytes with halophytes suggest that, in most cases, salt-responsive genes are constitutively up-or downregulated in halophytes (e.g. Kant et al., 2006; Edelist et al., 2009 ). In the present study, salt-induced H þ efflux was observed only from the roots of saltbush and quinoa, not from arabidopsis (Fig. 6 ). Furthermore, 1 mM vanadate, a P-type H þ -ATPase inhibitor, was able to decrease the magnitude of salt-induced H þ efflux from the roots of quinoa, providing solid evidence that H þ -ATPase is rapidly and strongly stimulated by NaCl treatment. A study comparing the glycophytic species tobacco (Nicotiana tabacum) with the halophyte Atriplex nummularia revealed that accumulation of plasma membrane H þ -ATPase mRNA in the roots of the halophyte was substantially greater than that in the roots of the glycophyte during NaCl stress (Niu et al., 1993) . Thus, we envisaged that the relative expression of the ATPase isoforms (AHA1/2/3) may be higher in the roots of quinoa than in the roots of arabidopsis. Surprisingly, AHA transcript levels were much higher in arabidopsis compared with quinoa plants, and 100 mM NaCl treatment led to a further 3-to 5-fold increase in AHA1 and AHA2 transcripts in arabidopsis, but not in quinoa (Fig. 9 ). This observation can be explained by the fact that 100 mM NaCl treatment is not a stress for halophytes; it is considered an optimal concentration for growth in quinoa (Redondo-Gomez et al., 2007; Hariadi et al., 2011) . Hence, halophytes are not in need of increased AHA transcripts during low to moderate levels of salinity stress and it may be predicted that the AHA transcript level may increase at higher salt concentrations (e.g. >300 mM NaCl). Consistent with this prediction, H þ -ATPase activity in the halophyte Spartina patens was stimulated by salt stress up to 340 mM NaCl, with no change in the amount of H þ -ATPase protein (Wu and Seliskar, 1998) . In salt-tolerant glycophytes such as barley, a 2Á5-fold difference in root plasma membrane H þ -ATPase activity between cultivars with contrasting salt tolerance was not related to the difference in the amount of the actual protein (Chen et al., 2007a) , implying post-translational regulation. It has been suggested that Na þ can directly stimulate H þ -ATPase activity through the inactivation of the autoinhibitory domain of the C-terminal portion of plasma membrane H þ -ATPase (Wu and Seliskar, 1998) . Further examination of NaCl-induced H þ -ATPase activity revealed that NaCl is able to stimulate H þ -ATPase activity in vivo, but inhibit it in vitro in two different halophytes, Spartina patens and Salicornia bigelovii (Ayala et al., 1996; Wu and Seliskar, 1998) . This strongly implies that NaCl requires some unidentified cytoplasmic factor 'X' to stimulate H þ -ATPase during salt stress (Fig. 10) . Factor 'X' may operate in a similar way to the PATROL1 protein identified in guard cells, which senses environmental changes and accordingly participates in the reversible translocation of AHA1 from endosomes to the plasma membrane (Hashimoto-Sugimoto et al., 2013) . This possibility needs to be investigated in future studies.
Since the roots of halophytes activate H þ -ATPases, one could argue that such H þ -ATPase activity would jeopardize the energy status of the plant, resulting in poor performance in saline environments (e.g. Bose et al., 2014b) . However, the roots of halophytes deal with this problem by increasing the affinity for the substrate (lower K m ) to achieve maximum H þ extrusion (higher V max ) upon sensing Na þ ions (Wu and Seliskar, 1998) . Consequently, halophytes may be able to negate salt stress better than glycophytes. Another interesting aspect that may warrant further investigation is the fact that the vanadate-sensitive component of H þ efflux activated by salinity was only 75-80 % (Fig. 8 ). Could it be that the remaining 20-25 % may originate from an H þ -pump driven by pyrophosphatase? Heterologous expression of H þ -pyrophosphatase (H þ -PPase) from the halophytic T. halophila in tobacco enhanced the salt tolerance of tobacco (Gao et al., 2006) . Until now, energyconserving H þ -PPases have been suggested to be present only at the tonoplast. However, there is some evidence that suggests that, as in prokaryotes (Baykov et al., 2013) , H þ -PPase may also be present at the plasma membrane of plants (reviewed in Gaxiola et al., 2012) . Importantly, type I H þ -PPase is vanadateinsensitive (Rea and Poole, 1985) and its activity depends on the cytosolic K þ concentration (Gaxiola et al., 2012) . Given that halophytes retain more K þ than glycophytes during salt stress and that 20-25 % of salt-induced H þ efflux is vanadateinsensitive, it is reasonable to speculate that H þ -PPase activity localized at the plasma membrane is higher in halophytes during salt stress.
A model (Fig. 10) comparing the responses of arabidopsis ( Fig. 10A) and halophytes (Fig. 10B) is proposed to summarize the results of the relative gene expression studies, viability staining, and ion flux, membrane potential and pharmacological experiments. In halophytes (Fig. 10B) , the entry of Na þ is rapidly (within seconds) sensed by some unknown second messenger (labelled 'X' in the model), present either at the plasma membrane or in the cytosol. This rapidly stimulates both H þ -ATPase and H þ -PPase activity. No increase in the transcriptional abundance of AHA1/2/3 is required. Such enhanced H þ extrusion energizes Na þ efflux though the Na þ /H þ exchanger and also decreases the magnitude of plasma membrane depolarization, so preventing K þ loss through KOR channels. Hence, the roots of halophytes are efficient in maintaining K þ homeostasis as well as their viability (Fig. 1) during salt stress. In arabidopsis (Fig. 10A) , such instantaneous sensing of Na þ entry to signal H þ -ATPase activation is either absent or inefficient. Here, salt stress is signalled to the nucleus, where it triggers expression of AHA genes and the formation of H þ -ATPase. As the process takes many hours, arabidopsis plants are unable to prevent K þ loss through depolarization-activated KOR channels in the initial stages of salt stress. As a result, the roots of arabidopsis lose their viability within a few hours of salt stress (Fig. 1) , with a long-term consequence for plant phenotype.
The data reported here included only two halophyte species. More species should be studied before the above conclusions can be extrapolated to all halophytes. Also, one could argue that H þ -ATPase pumping may be an energy-demanding exercise that will come at a high carbon cost, so transgenic crops with higher rates of H þ pumping may incur substantial yield penalties, especially under control conditions. This problem could potentially be overcome by using stress-induced promoters that are activated only under saline conditions. Furthermore, our data suggest that it is not only the expression level but also the differences in pump regulation that cause the diversity in tolerance. Consequently, before any recommendations can be made to breeders, the mechanism of the post-translational regulation of plasma membrane H þ -ATPase activation (i.e. the identity of the putative messenger X in Fig. 10 ) must be revealed in direct experiments using genetic manipulation of candidate genes in the signalling/regulatory pathway. longitudinal root axis of 5-d-old C. quinoa seedlings in response to 100 mM NaCl. Figure S3 : transient H þ fluxes in response to 100 mM NaCl measured from the elongation zone of 5-d-old C. quinoa seedlings grown using either the paper roll or the agar medium method. Table S1 : sequences of primers for real-time RT-PCR.
